Abstract-The major objective of the study was to assess the safety of electric line workers exposed to of a double circuit 132 kV transmission line for different scenarios. The double circuit 132-kV, 60 Hz transmission line has a power rating of 293 MVA and a maximum recorded peak load current of 603 A. The charge simulation and the Biot Savart methods were used by EPRI workstation software to compute the external electric and magnetic fields around a 132 kV transmission line. We used the calculated external electric and magnetic field exposures to determine the induced electric field and induced current densities inside the human body. This was performed using the Finite Difference Time Difference computational algorithm in EMPIRE commercial software, with a 6 mm voxel resolution. We used the Visible Human (VH) to investigate the internal induced electric field and circulating current densities in more than 40 different tissues and organs of the VH. We found that the worker exposure levels to extremely low frequency electromagnetic fields are below the recommended IEEE international standards limits for the studied scenarios. In all scenarios the maximum induced current densities and electric fields were in the bone marrow of the feet.
INTRODUCTION
There is a growing concern among electric utilities workers regarding possible health hazards due to the exposure to power frequency electromagnetic fields. The aim of this project was to assess and evaluate the safety of the electric line workers who are exposed to Extremely Low Frequency-Electromagnetic Field (ELF-EMF) that are produced by High Voltage (60 Hz) transmission lines.
There has been a growing interest over the years in determining the safe exposure levels of people, mainly workers, and the general public, to power frequency electric and magnetic fields. Several organizations have developed standards and guidelines for such permissible exposure levels. By far, the most important organizations that have contributed to the establishment of these standards and guidelines are the Institute of Electrical and Electronics Engineers (IEEE) [1] , and the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [2] . There are other organizations such as the American Conference of Governmental Industrial Hygienists (ACGIH) and The National Radiological Protection Board (NRPB) in the UK [3] . The permissible levels quoted in many countries refer to the permissible levels set by the IEEE standard or the ICNIRP guideline. Table 1 , columns 3 to 5, show the list of external exposure limits for 60 Hz for the IEEE, ICNIRP and NRPB. Table 2 lists a summary of internal exposure limits for the same frequency.
In this study, we investigate both the external electric and magnetic fields and the internal electric fields and current densities induced in the human body tissues and organs of a live-line worker standing 2 m away from phase A, B and C conductors, under the tower, under the mid-span and at the edge of the right-of-way of a double circuit 132 kV transmission line. The results are compared with the IEEE and ICNIRP exposure limits to verify compliance and the safety from the possible short term effects to extremely high voltages at power frequency.
In recent years, a number of laboratories have developed heterogeneous models of the human body with an anatomical shape and numerous tissues to study the electromagnetic field (EMF) exposure. Most of these models have been developed by computer segmentation of data from magnetic resonance imaging (MRI) [4] [5] [6] [7] . These groups and others have used the high resolution human body models to study the EMF exposures of the human body to low and high frequencies.
The high resolution models and advanced numerical methods have been used to calculate the EMF exposure at high frequencies [7] [8] [9] . Recently, Kuhn et al. investigated RF exposure and absorption characteristics for various anatomies ranging from 6 years old child to large adult male by numerical modeling [10] . Hand reviewed the different calculation method and anatomical models for high frequency electromagnetic exposure [11] .
Several methods have also been developed to study electric fields and current densities induced in anatomic models of the human body for low frequency exposure [12, 16] . Gandhi used the quasi-static impedance method to calculate the currents induced in the nominal 2 × 2 × 3 and 6 mm resolution anatomically based models of the human body for exposure to magnetic fields at 60 Hz from homogeneous and non-homogeneous magnetic fields [14] . Dawson and Stuchly used the scalar potential finite difference (SPFD) method approach that resulted in a high computational efficiency for 3.6 mm voxel model [12] . Dimbylow used both the impedance method and the scalar potential finite difference methods in a fine-resolution (2 mm) anatomically realistic voxel model [16] .
In this work, we determine the external electric and magnetic field intensities from a 132 kV power line at different positions (scenarios) in the vicinity of the transmission line using EPRI workstation software.
These external field values are used in Empire software to investigate the induced electric fields and current densities inside the human body of a live-line worker in these scenarios. The results are compared with the IEEE and ICNIRP exposure limits to verify compliance with the safety requirements of power-line workers.
METHODS

Exposure Scenarios and External Exposure Calculation
A typical double circuit transmission line was selected by Saudi Electric Company (SEC). The nominal voltage and power ratings are 132 kV and 293 MVA respectively. The study was conducted for 6 different exposure scenarios. These scenarios are illustrated in Figure 1 . These scenarios cover the most probable locations of a live line worker near a transmission line. The worker body was assumed to be standing in free space and not in contact with electrical ground. Figure 1 . Simulated Scenarios (S1-S6) with corresponding maximum external electric and magnetic fields; S1: a worker standing 2 m away and facing the phase A conductor of a double circuit 132 kV power line; S2: a worker standing 2 m away and facing the phase B conductor; S3 a worker standing 2 m away and facing phase C conductor; S4: A worker standing on the ground at the edge of the right-of-way of the transmission line; S5: A worker standing on the ground at the edge of the tower; S6: A worker standing on the ground below the transmission line under the mid-span (maximum sag point).
Quantitative description of the electrostatic field around overhead transmission lines has been presented in many references [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . We have used the charge simulation method (CSM) that applies for domains with open boundaries and has no restriction with regards to the geometry of the domain [23, 27] . We particularly used EMF WORKSTATION Package developed by Electric Power Research Institute (EPRI) to calculate the electric field levels [27] . CSM accuracy has been verified analytically in the user's manual, Version 2.5.1 of the EMF WORKSTATION [27] and by measurement by Deno and Zaffanella [28] . The software package used, starts by setting the general required parameters such as the designated area of concern parameters, the structure position, boundary area, as well as the field calculation height. The line design parameters are entered in a detailed manner and include the phase structure of the line, the conductor size, the applied voltage and the operating current. The span specifications are also taken in consideration.
Internal Exposure Calculation
We have adopted the Finite Difference Time Domain (FDTD) method to solve Maxwell's equations to calculate the internal fields. The FDTD was first introduced by Yee in 1966 as a numerical technique to solve the Maxwell's equation for electromagnetic fields interaction with materials [29] . This method is based on the discretization of the Maxwell's equations, and involves sampling the electric and magnetic fields distributions in space and in time. The simulation results were validated by comparing the results with the analytical solutions for simple geometries. Our results for the human body internal exposures were also validated with previously published data [30] .
We used EMPIRE software (IMST, Germany) in order to obtain the induced current densities and electric field inside the human body caused by exposures to external power line electric and magnetic fields. EMPIRE software uses the FDTD method to solve Maxwell's equations. At low frequency (60 Hz) the program makes use of the quasi-static formulation to evaluate the induced electric fields and currents in the human body from the exposure to external electric and magnetic fields. Due to the quasi-static situation of low frequency, exposure to the two fields, electric and magnetic, can be computed separately and the induced fields are added at the end of the simulations.
Visible Human Heterogeneous Model
EMPIRE software uses the anatomical human body from the visible human project (National Library of Medicine) [31] . The body model is obtained from Computerized Tomography (CT) and Magnetic Resonance Imaging (MRI) images of a male body. The male body was cryosectioned. The heterogeneous model has more than 40 different tissues. The model is available with 1, 2 and 3 mm voxel sizes. Each voxel is specified by its location in three-dimensional space and by its tissue type. We used the 6 mm voxel size to determine the induced EMF exposures for a person standing under the power line [32] . We also used the 3 mm voxel size for the worker standing 2 meters away from phase C conductor [33] . Running the simulation for the 3 mm resolution is very time consuming and requires much more computer memory and time compared to the 6 mm model. In this study, we used the 6 mm voxel size to determine the internal exposure parameters for commonly encountered scenarios for the power line workers. The 6 mm computation mesh in FTDT will consider the voxel tissue to be that of the most prevalent tissue covered by the volume of the voxel. Hence, the small size tissues such as the CSF will be shadowed by the surrounding dominant tissues. However, for large tissues and organs the difference between the results for the 3 and 6 mm voxels is not very significant [34] .
For this heterogeneous body model, we used the tissue electrical properties of conductivity (σ), permittivity (ε), and the permeability (µ) published by Gabriel et al. [35] . At low frequencies (< 100 Hz) the induced conduction current (related to conductivity) is 2 to 4 orders of magnitude higher than the displacement current (related to permittivity). Thus, it is sufficient to consider the conductivity and neglect the permittivity of the tissue during computation [4, 5] .
In order to calculate the induced electric fields and current densities inside the human body for each scenario, an input file has been prepared for the simulation. The input file specifies the geometry, the EMF exposures represented by Electro-Magnetic plane wave excitation, and the desired output parameters. The EMF exposure is determined by the external electric and/or magnetic fields for each scenario as determined by the EMF WORKSTATION calculations (EPRI). The calculation for the external electric field and magnetic field exposures are done separately. After the simulation is complete, we obtain the current density averaged over a square centimeter. Since the data generated by EMPIRE is not organ or tissue specific, MATLAB programs were developed for data post-processing. In the post-processing stage we vectorially add the induced average current density (ACD) from exposure to the external electric and magnetic fields to determine the resultant ACD for each voxel. We determine the induced electric field for each voxel by dividing the ACD by the tissue conductivity at 60 Hz. We determine the maximum and average current densities and electric fields for any desired tissue or organ. The maximum and average current density for any cross section of the body in the x, y, or z direction can also be obtained. To simulate the worst case scenario, the maximum value of both the electric and magnetic fields were selected for the computation of the internal electric field and current densities induced inside the human body using the EMPIRE software. Table 3 shows the maximum values of the external electric and magnetic field exposures for the six scenarios. All the electric field values are below the IEEE controlled environment limit of 20 kV/m. The magnetic field values are also below the IEEE external magnetic field limits of 2.71 mT for the head and torso for controlled environment. The electric and magnetic field values are also lower than the limits specified by the ICNIRP, NRPB and ACGIH. The highest exposure level for both B (663.58 mG) and E (6.485 kV/m) is at scenario No. 4, which corresponds to a worker standing in the bucket close to conductor phase C and about 2 m away from the conductor; the minimum exposure level for both B (21.38 mG) and E (0.165 kV/m) is at scenario No. 5, which corresponds to a worker standing on the ground and at the edge of the right-of-way of the transmission line.
RESULTS
External Field Exposures
Induced Electric Field and ACD in Body Organs and Tissues
Scenario 3
In this scenario, a worker is standing in the bucket at 2 m away from phase C conductor. The external electric field is from front to back (Ey = 6.485 kV/m). The external magnetic field is from head to feet (Bz = 664 mG). The human body is in free space and not in contact with electrical ground. This is the scenario that has the highest electric and magnetic field values and hence is the worst case scenario in this study. Table 4 shows the induced average current density, maximum current density, induced average electric field and induced maximum electric field for selected body organs. The values for all the voxels in each organ are used to calculate the maximum and average values of the current density and electric field. The calculated values for the hands and feet include all the tissues in these body parts except the skin. The values for the induced electric fields are obtained by dividing the current density at each voxel by the conductivity of that voxel as specified by the human body model. Figures 2 and 3 show the average and maximum current densities and the average and maximum electric fields for body layers along the height of the standing human, excluding the skin and mucous membrane. We have excluded the values for the skin and mucous membrane because it is at the boundary between air and the human body tissues. At this boundary, the very high gradient of the induced electric field produces large errors in the linearization of the Maxwell's differential equations. Each average value of the electric field and the current density is the average for all the voxels in the corresponding cross-section (layer) of the body. The maximum values for the induced electric field are significantly higher than the average values. The large difference is due the large variation between the conductivities of body tissues. In general, the average and maximum current densities and electric fields reach the highest values in the parts of the body that have the smallest cross sectional area such as the hand and feet, fingers and toes.
Our results permit us to get each organ or tissue maximum Electric field and current density. For instance, Figures 4(a) show the location of maximum induced current density in the heart. The red color indicates the highest current densities and the blue color indicates the lowest values. Figures 4(b) show the anatomical structure of heart at which the maximum occur. Usually, the maximum values occur at the boundaries between different tissues. This is shown by the arrow pointing at the boundary of the heart muscle. At the boundaries of different tissues, there are sudden changes of electrical tissue properties and hence higher voltage gradients, consequently higher electric fields and current densities.
Compliance with the Basic Restrictions for Internal Values
We compared the induced maximum current densities and electric fields to the maximum exposure limits listed in Table 2 . Figure 5 shows the maximum induced currents for all scenarios for the brain, heart, hands, wrist, feet ankles and all other tissues. All the currents densities are below the NRPB [3] limit of 10 mA/m 2 . It is interesting to note that scenario number 6 in which the worker is standing under the mid-span at a distance of about 10 m from the cable gives overall the highest values of induced electric fields and current densities even when compared to scenario number 3 that has the highest external electric and magnetic fields. The difference is due to the fact that for scenario 6, the direction of the external electric and magnetic fields are from head to feet (E z = 1.689 kV/m) and from front to back (B y = 91.41 mG), respectively, while for scenario number 3 the external electric and magnetic fields are from front to back (E y = 6.485 kV/m Figure 5 . The maximum induced currents for all scenarios for the brain, heart, hands, wrist, feet ankles and all other tissues. All the currents densities are below the IEEE and the NRPB limit of 10 mA/m 2 . and from head to feet (B z = 664 mG) respectively. The former configuration gives better coupling with the human body and hence higher induced current densities and electric fields. Table 5 shows the maximum induced electric field for all scenarios. All the induced electric fields are below the IEEE limit for workers. However, four out of six scenarios had exceeded the new 2010 ICNIRP limit of 800 mV/m [2] . In almost all scenarios, the maximum current densities and electric fields are observed in the bone marrow of the ankle and the knees. The higher current density in these sections is due to the fact that the body cross sectional area is small in these sections compared to the rest of the body.
CONCLUSION
We have simulated 6 different scenarios for a live line worker of a double circuit 132 kV transmission line. The electric and magnetic field values were found to be lower than the limits specified by the IEEE, ICNIRP, NRPB and ACGIH. The highest external electric field was 6485 V/m and the highest external magnetic field is 66.4 µT were found to be in scenario number 3 in which the worker is standing 2 meters away from phase C conductor. In all scenarios, the induced electric fields are below the IEEE occupational limit of 2100 mV/m. However, four out of six scenarios had exceeded the new 2010 ICNIRP occupational limit of 800 mV/m. The induced maximum current density in all the tissues was found to be below the NRPB limit of 10 mA/m 2 . The highest values for induced electric fields and current densities for all the tissues except the heart was obtained for scenario number 6, in which the worker is standing under the mid-span at a distance of about 10 m from the nearest conductor. For the heart, the highest value of induced electric field and current density was obtained for scenario number 3. In general the highest values for each organ are obtained at the border between different tissues. For the whole body the highest induced current densities occur in the body parts that have the lowest cross sections such as the hands feet and knees.
